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Abstract

The inclusive annihilation of antiproions on deuterium is caiculated within a three-body
model. At very low antiproton energies (£, < 2.2M eV} structure is observed in the energy
spectra of emerging protons. at forward angles. The theory can be easily extended to higher

antiproton energies.
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In & recent paper, Latta and Tandy discussed the nuclear quasi-bound states of NV

systerns and assessed their importance in antinueleon-nucleus dynamics. [n particular, the

relevance of three-body effects was emphasized in connection with the theoretical possibility
that some N-nucleus.quasi-bound states could be of sufficiently small decay width to be
observable?. Latta aad Tandy investigated the relevance of an explicit three-body descrip-
tion of the VNV system using the Faddeev equations and concentrated their attention on
the purely nuclear quasi-bound states. No attempt was made to calculate scattering ob-
servables whicl may be of great importance in assessing the effect of NN correlations in
N-nucleus scattering. ..

The purpose: of the present paper is to develop ‘an- exact three-body description of the
antiproton-deuteron inclusive annihilation process in the proton or neutron final channel,
namety, .

PO~y {1
when X and Y represent anything. In developing the theory for the inclusive cross sec-
tion of (1}, we rely heavily on recent theoretical development of nuclear inclusive break-up
reactions®. For the purpose of completeness, we present below the derivation of the cross-
sectiom.. .,

We use a nonrelativistic description of the three-body N system and denote the Hamil-
tonian by H l

H=T4 U+ Upp+ Vi (2)

where T is che kinetic energy operatar, Uy, is the p~n optical potential, U/, the 5—p optical
potential and V. the (real} p — n potential. The antiproton-nucleon optical potentials have
an imaginar}; part to take into account the flux lost to annibilation.

Within the three-body formalism, we can write the matrix element containing an asymp-

totic proton in the final state as
PG f) =<Gf [ Vim + Uy L7 > {3)

where we tave denoie by f all antiproion-neutzon final states, including those in which they

have annihilated. We can then immediately write the inclusive proton cross-section as
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where £,(Ey) is the proton {antiproton-neutron) final energy, £ is the initial energy, p(E,) is
the proton density of states and v; is the initial velocity of the.antiproton in the lub system.

We now identify the sum over —n final with the imaginary party of the §—n propagaior

to obtain _ : o _ 7
dza-inc 9 - ,--. ' PRI 3 . . -
dﬂFdEp = _EP(EP) < ?’b+ i Ulj-ﬁ + V;J"r [ (IP > ImGﬁ“(E - 1‘13) < Ip i VP"" +'Upﬁ.§ 1|b+ > {5)
Standard two-body ma.nipu[a.tiqns now permit us to J__:_eWt:i_teJ mGan as
ImGyn = (14 Gl UL M mGogn(1 4 Upn Gon) + GG (0)
where .
U — Ul -
Wy = LE;...!.'.‘: &

is the imaginary part of the a.ntiprotoﬁ-ﬂeuhi‘ot:—opticall'pdtentiéf;' The Frst term in equation
{6} describes scattering in which, both the antiproton and: reutron continue to exist in the
final state. o . o .

The second term describes the fux lost. frdﬁi the incomi.ug,;:ha.nncl_ whiclr here corresponds
solely to annihilation. We can thus identify the inclusive antipreton-neutron: annihilation

cross-section with the contribution of this term to the inclusive proton cross-section. We

have N . -
dPusine 2 PR S S L V: e

o = o plBy) < U | U+ Vin) Gl LG > Wia <5 § Gon Ui+ Yo} [ 7 > (5)
pliip i3

As the entrance channel is tkat of the antiproton and deuteron- the exaxt three-body

wave function satisfies the homogeneous Lippmann-Schwinger equation
[t > = GoulUes+ Vou) [ 47> - )

We can thus reduce the expression for the antiproton-neutron: annihilation cross section

to
dzal'ru‘:
a0, dE,

.’} + T - — » N
= ——p(E) <vT |G > W <G |¥7 > (10}
o, .




A similar expression can be derived for tie inciusive neuiron cross section due 16 proton
antiproton annibilation. _ _

The sum of the two.annikilation cross sections obviously satisfies the opiical theorem lor
the body system, as annihilation is the only mechanisim for [lux absorptiou which enters. In
this respect, we remind the reader that the breai-:up channel is contained in the tfn'ee body
formalism and. thus does not absorb fux.

We note that the formal expression obtained for the cross-section is very _similar to
that obtained for the heavy ion breakup-fusion one.”) The difference between the two is
limited to the plane wave states here instead of the distorted waves o.B.ta.ined in the breai- -up
fusion expression. This is entirely v reasonable, however, as, after aanililation, thele is simply
nothing left to distert the final state wave fuction of the remaining nucleon.

In the following, we will use our formalism to perform a schematic calculation of the
mclusive proton cross section due to the antiproton-neutren annihilation. For this purpose,
we will employ the simple s-wave one term separable potentials used by Latta and Tandy{)
and solve the inhomegeneous Faddeev equations corresponding to the antiproton-deuteron
entrance channel to obtain the exact three body wave function.

We use the kernel subtration method of ref. 4 to solve the integral equations numerically
and resirict our attention to energies befow the deuteron breakup threshold to aveid the

numerical complications which the breakup channel introduces. As in Latta and Tandy, we

" neglect the Coulomb interaction.

After lengehy but straightforward algebraic manipulations, we obtain for the double

cdifferential cross section.
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where Z is ihe relative momentum of the initial antiproton, g is the relative momentum of
she final nucleon and. Wi is she annibilation strenght in the channel in which the annihilated
pair have isospin I and 5. The ampiitudes are obtained as the overtap between the nucleon-

antiproton separzble potential form factor and the exact three body wave function.
NNy == .
Xais(@ = <grs ol > (12)

where:s denotes the total chanael spin, 1/2 or 3/2.

o

The wave function normalization is determined by the entrance channel where the deuteron
wave fuaction is normalized to unity while tiie antiproton plaue wave is normalized to
§lk— ).

In figure 1 we present our numerical results for the angle-integrated proton specirum
at two antiproton lab energies below the deuteron breakup theresiiold, 1 and 3 MeV. The
proton relative center-of-mass emergy (E, = 3/4¢® was varied from zera toa 26 MeV. The
angular distribution of the emiited proton is shown in fig. 2 at three proton relative center-
of-mass energies, 1, 9 and 17 MeV, for an incident ? lab energy of 3 MeV. The back-
angle enhancement of the cross-section is a clear indication of the spectator nature of the
emitfed proton. Further, there is a clear structure at small angles (notice that small angie-
in the present context represents large mementum :.ransfex') observable in the energy range
E,~10-1TMeV . In order ia exhibit this structure more clearly, we preaem‘. in fig. 3a the
proton spectra at three fixed angies, 0°,20° and 40°. We see a clear minimuim and a bump
at 0° (££** = 3MeV). This bump seems to be very sensitive to the mndmlf energy of the
target as indicated in fig. 3b.

The above feature of the proton spectrum seems to be-a genuine three-body effect and. .
1t centainly merits further investigation. We believe that this effect may also be present in
antiproton-nucleus scattering at low energies. We have calculated the angular distribution
of the protons at higher energies (100 MeV} as well (fixing the antiproton energy at 3 MeV).
At these higher energies, the distribution become more and more syinmetrical about 309
indicating the cormplete loss of memory of the incident directiomn. .

Finally 2 word about the formalism employed in the present wock. Although we con~
centrated our discussion at very iow antiproton energies where an exact treatment of the
three-body problem is required, at higher energies, a more conveniest way of calculating the
cross section would proceed through = DWBA treatment of the incideut channel. Antiproton
nuclear (including deuteron} optical potentials are available for this propose:

Further, corrections to.the DWBA inclusive annihilation cross-section can be generated

in a simple and consistent way using the methed deveioped in Ref. 3c and 3d.
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Figure Caption

1. Angle iut;.egratéd proton spectra as'a function of the proton relative éeﬁﬁé; of thass énergy.
Full line is for Ef* =3 MeV. Results for fd% ate showed by dashed line for Eleb =
3 MeV and the crosses for Eé‘“b =1 MeV 4

2. Angular distributions of the spectator proton for the protonrelative center of Imass energy
of 1 MeV, § MeV and 17 MeV at EL* =3 MeV.

3. Energy spectra of the spectator proton for EX** = 3 MeV. The full line-is for 02, the

dashed line 20° and the dotted line for 40%. In the case {a} the deuteron binding energy-

is 2.22 MeV and in case (b}, 4.4 MeV.
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